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Abstract 
In this paper, a computationally efficient finite element model is presented for predicting 
low-velocity impact damage in laminated composites using a quasi-static load model with 
surface-based cohesive contact. The effect of compressive through-thickness stress on delamination 
is taken into account by introducing contact friction force in the shear force direction. Damage onset 
and propagation in a cross-ply plate [903/03]S is simulated and the numerical results agree well with 
the experimental observations in terms of damage location, shape and size. Through-thickness stress 
analysis shows that resistance to the upper interface delamination propagation is mainly contributed 
by the friction force due to the high compressive through-thickness stress, whereas, for the lower 
interface, it is the cohesive behaviour that controls the delamination initiation and propagation. 
Predicted delamination area is not sensitive to the interlaminar friction coefficient when it is greater 
than 0.6. The range of friction coefficient of the interlaminar contact is recommended to be between 
0.6 and 0.9.  
Keywords: Low-velocity impact; Delamination; Finite element analysis; Surface-based cohesive 
contact; Friction coefficient  
1. Introduction 
Advanced carbon fiber reinforced plastic (CFRP) has been widely used in the airframe primary 
structures due to their excellent mechanical properties and low specific weight. However the poor 
properties in the through-thickness direction make CFRP particularly susceptible to the low velocity 
impact. Composite laminates exhibit a relatively brittle behaviour and can undergo internal damage 
in the form of resin crack, fiber fracture and delamination when they are subjected to foreign object 
impacts. Internal delamination is probably the most critical failure mechanism since they may 
dramatically reduce the compression strength even when the damage is undetectable by visual 
inspection from the impact side. Delamination may propagate undetected during the service leading 
unexpected failure of the component, especially for the primary structures loaded in compression. 
Therefore, it is essential to develop a computer-based design tool to predict the damage onset and 
evolution in composite structures under impact.  
Different approaches have been reported in the open literature for predicting the delamination 
initiation and propagation in impacted laminates. They can be broadly divided into three categories: 
strength-based failure models [1-4], fracture mechanics based models using either the virtual crack 
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closure technique (VCCT) [5-6] or cohesive zone models (using either cohesive [7-9] or spring [10] 
elements at the interface), and the continuum damage mechanics (CDM) approaches [11-14]. 
Among them, the cohesive zone models, which combine the strength-based failure criteria with 
fracture mechanics energy criteria, have attracted considerable interests in recently years and been 
used for simulation of discrete damage and failure [15], since they allow overcoming the main 
limitations of the VCCT approach. 
Although many cohesive zone models have achieved acceptable prediction e.g. [10, 15], two 
technical issues have affected the computational accuracy and efficiency.  
First, pre-determined interfaces (where delamination may occur) are currently modelled by either 
the cohesive [7-9] or spring elements [10]. Both are computationally demanding. The cohesive 
interface elements are expected to be several times smaller than the surrounding elements (often in 
fine mesh) to ensure numerical convergence. The spring elements also have the potential problems 
of local stress concentration. It is not yet possible to use these finite element models as a design tool 
even for simple plates, let alone realistic structures.  
Second, most research [15, 16] simulates the delamination initiation by using the stress-based 
quadratic failure criterion and subsequent propagation by a linear softening model. The result is 
reasonable when the interface is subjected to tension stress in the through-thickness direction. 
However, serious difficulty arises when dealing with delamination induced by impact loading due to 
high compressive stress, which could improve the laminate interlaminar shear strength considerably. 
Hou et al. [17] firstly suggested that delamination is totally constrained by compressive 
through-thickness stress and therefore a smaller damage was predicted. Subsequently, an empirical 
delamination criterion was developed by Hou et al. [18], which allow delamination to initiate and 
propagate under high interlaminar shear stress when the out-of-plane compression is relatively low. 
To take account of compression, Li et al. [19] modified the failure initiation and propagation criteria 
by using a pre-determined parameter to relate the compression with the increase in interlaminar 
shear strength and the mode II critical fracture energy. Zhang et al. [20] treated the influence of the 
compressive through-thickness stress by adding the contact-induced friction between the adjacent 
plies. The friction stress at the interface can inhibit the delamination initiation and propagation. 
However, the model is time-consuming due to multiple contact interfaces and use of very fine 
cohesive elements.   
The aim of this paper is to develop a more efficient design tool for predicting the low velocity 
impact damage. A surface-based cohesive contact model is employed to take account of the effect of 
out-of-plane compressive stress on the delamination onset and propagation. It is aimed to reduce the 
computation time comparing with the friction contact model previously developed [20] since there 
are no cohesive interface elements in the current model. To further increase the computational 
efficiency, quasi-static loading was applied in the model to simulate the dynamic impact loading as 
the CFRP laminates exhibit similar contact force and damage magnitudes under the transverse low 
velocity impact and quasi-static loading [21-24]. 
2. Description of surface-based cohesive contact approach  
Cohesive interface element model has been employed by many researchers to simulate the 
delamination growth in composite laminates. The failure of cohesive element is based on the 
interactive mixed mode criteria for both the initiation and propagation of the delamination. The 
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model works very well if the through-thickness normal stress is in tension, which can also be 
accounted for in combination with the interlaminar shear stresses. However, when the 
through-thickness stress is compressive, its effect on delamination suppression is usually ignored 
and the failure of interface is considered to be pure mode II [19]. However, the compressive 
through-thickness stress induced by low-velocity impact is considerable high that greatly increases 
the interlaminar shear strength, especially for the upper interface close to the impact point. In this 
paper, a surface-based cohesive contact model based on the ABAQUS commercial software is 
developed to consider the effect of compressive through-thickness stress.  
Surface-based cohesive contact [25]
 
allows the specification of generalised traction-separation 
behaviour for two adjacent surfaces. This behaviour offers capabilities of modelling failure that are 
very similar to the cohesive element that are defined using a traction-separation law. However, this 
surface-based cohesive behaviour is typically easier to define and allows simulation of a wider range 
of cohesive interactions, such as the interlaminar delamination and contact phenomena of composite 
laminate subjected to impact load. The internal load transfer behaviour of surface-based cohesive 
contact is illustrated in Fig. 1.  
 
 
Fig. 1 Schematic of load transfer behaviour of surface-based cohesive contact model 
In the contact normal direction, the compressive behaviour between the contacted surfaces was 
governed by the so-called pressure overclosure relationship. In contrast, the cohesive behaviour 
contributes to the contact normal stress (σ33) when the interface is subjected to tensile stress in the 
through-thickness direction, as shown in Fig. 1b. 
In the shear direction, the 'net' shear force is a combination of the cohesive action and the 
contribution from the friction force. The load distribution depends on the damage extent of the 
cohesive interface, as shown in Fig. 1c. If the cohesive stiffness is un-degraded, it is assumed that 
the cohesive model is active and the friction model is dormant. Once the cohesive stiffness starts 
degrading, the cohesive contribution to the shear stresses starts decreasing with the damage 
evolution. Consequently, the friction model activates and begins contributing to the shear stresses. 
The elastic stiffness of the friction model is ramped up in proportion to the degradation of the elastic 
cohesive stiffness. Once the maximum degradation has been reached, the cohesive contribution to 
the shear stresses is zero, and the only contribution to the shear stresses is from the friction force.  
Impactor 
Laminate
s 
Surface-based cohesive contact 
(c) Shear direction behaviour (σ33<0) 
σ33<0: pressure overclosure relationship  σ33>0: cohesive behaviour 
(b)  Normal direction behaviour 
Fully damaged area: 
friction model 
Partly damaged area: friction 
model + cohesive behaviour 
Undamaged area: 
cohesive behaviour 
1 ply 
(a) surface-based cohesive contact in impact model 
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For the cohesive behaviour of contact surface, damage onset is modelled by a strength-based 
criterion, whereas damage propagation is predicted by a fracture mechanics criterion. Details are 
given in Section 3. 
3. Finite element model  
A published low velocity impact test [26] was modelled. Test specimen of 87.5 × 65 mm in size was 
fabricated from Seal HS160/REM unidirectional carbon/epoxy prepreg with stacking sequence 
[903/03]s resulting in 2 mm nominal thickness. The specimen was simply supported in test by a steel 
plate with a rectangular cutout of 67.5 × 45 mm underneath the specimen. The diameter of the 
hemispherical impactor was 12.5 mm.  
The rectangular test specimen was modelled by using the commercial software package ABAQUS. 
Only one quarter of the specimen was modelled due to the geometric symmetry, as shown in Fig. 2a. 
The four cutout edges of the specimen are constrained by the simply supported boundary condition. 
The laminate is modelled by continuum solid element (designated as C3D8 in ABAQUS) with 
assembled mechanical properties from the ply properties as given in Table 1, where E11, E22 and E33 
are the Young's modulus in the fiber, transverse and normal direction respectively, G12, G13 and G23 
are the shear modulus, ν12, ν13 and ν23 are the Poisson's ratio, YT is the matrix tension strength, Sxy 
and Syz are the shear strength. The smallest element size in the impact zone is 0.23 × 0.27 mm. Each 
elements layer represents one lamina ply in the model. A total number of 100,980 nodes and 79,968 
solid elements are used to model the impacted laminate. The impactor was modelled as a rigid body 
indentor due to the relatively smaller deformation of the impactor compared with the laminate. The 
interaction between the plate and the indentor was simulated by surface-to-surface contact pairs. A 
friction model was included in the contact property definition and a friction coefficient of 0.3 is 
selected.  
  
                        (a)                                    (b) 
Fig. 2 (a) FE model and (b) definition of surface-based cohesive contact 
  
Upper interface 
Lower interface 
[90]3 
0°direction [90]3 
[0]6 
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Table 1. Materials properties of HS160/REM laminate [26] 
Lamina ply  Cohesive interface  
Elastic modulus (GPa) 
E11=93.7, E22= E33=7.45, G12= G13= G23=3.97 
Poisson's ratio  ν12=ν13=ν23=0.261 
Matrix tension and shear strength (MPa) 
YT=30  Sxy=Syz=80 
Stiffness (GPa/m) 
KN=120000, Ks= Kt=43000 
Strength (MPa)  N=30, S=T=80 
Critical strain energy release rate (J/m2) 
GIC=520
   GIIC= GIIIC=970 
 
Hashin's matrix failure criterion and stiffness degradation model are adopted to simulate the matrix 
cracking, as given in Table 2, where E22,d, Gxy,d and Gyz,d are the degraded transverse and shear 
modulus. A user defined subroutine (designated as USDFLD in ABAQUS) are developed for 
implementation of the Hashin matrix failure criterion. Since no delamination was expected between 
the plies of the same fiber orientation, surface-based cohesive contact were only inserted between 
the plies having different fiber orientations. For the stacking sequence [903/06/903], two interfaces 
shown in Fig. 2b are defined by the surface-based cohesive contact, i.e. the upper interface 90/0 and 
lower interface 0/90. The elastic properties and fracture parameters of interface used in the model 
are given in Table 1, where tn, ts, tt are the interface stresses in the normal and two shear directions, 
N, S, T are the interface strength under the mode I, II and III respectively. Failure criteria of interface 
used in this work are given in Table 2, where GI, GII, GIII represent the strain energy release rate and 
GIC, GIIC, GIIIC are the critical strain energy release rate under the mode I, II and III respectively. The 
failure criterion of interface is implemented in the ABAQUS code without the need of defining any 
special elements or user specific code. 
Table 2. Failure criteria of interface used in this work 
Damage form Damage initiation Damage propagation 
 Hashin's criterion Material property degradation 
In-plane matrix 
cracking [27] 
2 22
1
yy xy yz
T xy yzY S S
      
          
     
 22,d 220.2E E  ,d 0.2xy xyG G ,d 0.2yz yzG G  
Cohesive contact 
interface[26] 
 
Stress-based quadratic criterion 
2 2 2
1n s t
t t t
N S T
     
       
     
 
 
Mix-mode power lower 
I II III
IC IIC IIIC
1
G G G
G G G
     
       
     
 
 
To save the computation time, quasi-static load is applied to simulate the low-velocity impact in this 
paper. The displacement in the Z-direction instead of velocity is applied to the impactor. The 
similarity of quasi-static load and low-velocity impact in terms of the contact force and damage 
areas has been reported by various researchers [21-24], which demonstrate that the relation between 
the impact force and displacement is not changed by the impact velocity in the low velocity range. 
This is because that the influence of inertia caused by the dynamic load is very small and thus can be 
neglected. However, it is should be noted that the quasi-static load model cannot provide the contact 
force versus time history. Moreover, the applicability of quasi-static load assumption needs to be 
checked carefully if the impact velocity is above the low-velocity range. 
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In this study, ABAQUS/Standard code was used for the quasi-static load model. The analyses were 
carried out on a Linux cluster workstation with an Intel E5-2660 CPU having a total of 8 CPU cores. 
It takes just under 2 h (1 h and 52 min) for a typical simulation run. Table 3 shows a comparison of 
the FE models used in this study and previously developed by the same research group [20], treating 
the influence of compressive through-thickness stress by adding the contact-induced friction 
between the adjacent plies. Both models delivered acceptable results in terms of the delamination 
shape and size. Since there are no cohesive interface elements implemented in the model of this 
study, the computational time is reduced considerably comparing to the contact model in [20], which 
took about 8 h using the same computing facility.  
Table 3. FE model comparison of presented by this study and previously developed [20]  
FE Model This study Previously developed [20] 
Modelling compressive through-thickness 
stress effects 
Surface-based cohesive contact Cohesive interface elements & contact 
Crack modelling approach Hashin's criterion Cohesive failure behaviour 
Load assumption Quasi-static load assumption 
Computational time 1 hour and 52 minutes About 8 hours 
4. Result and discussion 
4.1 Experimental validation  
Numerical simulation of the impact behaviour and damage size of the [903/03]s laminates and 
comparison with experimental result are reported by [26]. For the impact energy (E) of 1.5 J, the 
maximum deflection in the Z-direction is 1.8 mm. This displacement is applied to the impactor 
under the displacement-control loading in the quasi-static load model. The friction coefficient of 0.6 
is selected for modelling the interlaminar friction. 
Fig. 3 shows the predicted impactor contact force versus applied displacement by the quasi-static 
load model. The slope of the predicted curve is slightly lower that the experimental curve [26]. This 
can be explained that the inertial force of the composite laminates is neglected in the quasi-static 
load model, which could absorb some impact energy during the loading period. 
It is worth noting that the slope of the force versus displacement curve changes at point A, when the 
impactor force equals to 1200 N approximately. This change of the slope of the curve indicates the 
reduction of laminate stiffness due to the onset of the delamination and is captured by the 
quasi-static load model accuracy. The damage sizes of the interfaces at point A are shown in Fig. 4. 
The delamination onset occurred in both the upper and lower interfaces. However the delamination 
on the upper interface is inhibited by the high compressive through-thickness stresses due to the 
contact between impactor and laminate.  
Predicted damage area and comparison with a reference model and test measurement [26] are shown 
in Fig. 5. Reasonably good agreement is achieved by this model in terms of damage width and 
length. The modelling result shows that the quasi-static load model with surface-based cohesive 
contact is capable of simulating the composite laminate delamination onset and propagation caused 
by low-velocity impact. 
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Fig. 3 Relationship of impactor contact force versus displacement (μ=0.6; E=1.5 J) 
               
    
(a) Upper interface [90/0]           (b) Lower interface [0/90] 
Fig. 4 Predicted damage size at point A of load~displacement curve (μ=0.6; E=1.5 J) 
 
          
                    
              (a) Experimental [26]       (b) Prediction [26]   (c) Predicted by this model 
Fig. 5 Comparison delamination at lower interface of numerical prediction and experimental 
measurement (unit: mm, μ=0.6; E=1.5 J) 
Point A:damage onset 
40 mm 
0° fiber direction 
W 
L 
40 mm 
W=8.9  L=9.9 W=8.8  L=9.8 W=9.5  L=9.6 
Delamination 
matrix crack 
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4.2 Compressive through-thickness stress distribution and influence  
It is known that the out-of-plane compressive stress can apparently improve the interlaminar shear 
strength by suppressing delamination initiation and propagation. However, the choice of an 
appropriate criterion for prediction of delamination under compressive loading is still a subject of 
further research. Representative models are reported in [18-19], including the strengthening effect of 
through-thickness compression on the shear strength. In this paper, the surface-based cohesive 
contact model available in ABAQUS software is defined to describe the cohesive and contact 
behaviour of the interface during impact process. The effect of the through-thickness compression is 
taken into account by the calculated contact friction force. 
Calculated through-thickness stresses distribution at the applied displacement of 1.8 mm is shown in 
Fig. 6. Stress concentration is high in the area adjacent to the impact point and rapidly decreased 
along both the X and Z directions. The compressive through-thickness stress is much higher at the 
upper interface than the lower interface, as shown in Fig. 6b. The interlaminar delamination 
propagation of the upper interface is inhibited by the high shear force at the centre of the laminate 
(shown in Fig. 7a), which is mainly contributed by the contact induced friction force due to the high 
compressive through-thickness stress.  
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(a) Stress contour (unit: Pa)                 (b) σ33 versus X-coordinate 
 
Fig. 6 Distribution of through-thickness normal stress (σ33) 
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(a) Upper interface [90/0]                      (b) Lower interface [0/90]  
Fig. 7 Distribution of shear force on the contact surface (unit: N) 
In the lower surface, the contact induced friction force arising from the compressive 
through-thickness stress is much lower (Fig. 6b) and not sufficient to restrain the interlaminar 
delamination onset and propagation. The contact surface shear force is much higher at the border of 
the delamination area that is far away form the impact point (Fig. 7b) and compressive 
through-thickness stress is very low (Fig. 6b). This indicates the resistance to delamination 
propagation is mainly contributed by the interface cohesive failure behaviour. 
It should be pointed out that surface-based cohesive contact has two advantages comparing with the 
reported models [18-20] in dealing with the effect of the compressive through-thickness stress.  
First, both models in [18, 19] take the effect of through-thickness compression by revising the 
delamination initiation and propagation criterion. A specific and potentially complicated user 
defined subroutine (‘VUMAT’ or ‘UMAT’ in ABAQUS) needs to be developed for implementation 
of the cohesive behaviour of interface elements due to this revision. The friction model in [20] takes 
a significant amount of computing time. Surface-based cohesive contact model used in this model 
adopts the delamination initiation and propagation criterion offered by ABAQUS software and the 
effect of the through-thickness compression is taken into account by the contact friction force 
directly. Therefore, it is easier to use compared to the models developed reported in [18-20]. 
Second, the surface-based cohesive contact model in this paper is different from the cohesive zone 
model [7, 15] in terms of the modelling approach to the shear behaviour in damaged area. In 
cohesive zone model [15], failed cohesive elements are not removed from the FE model so as to 
avoid compenetration between the delaminated layers. However, the contact friction force is totally 
ignored that makes no contribution to prevent the damage from propagation. In this paper, the 
contact friction force in damaged area is taken into account, which can be high enough to retard the 
damage propagation if the normal contact stress is relatively high enough.  
4.3 Influence of interlaminar friction coefficient 
The influence of the through-thickness compression to the shear strength is simulated by a 
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surface-based cohesive contact model with the friction force in the shear direction. The friction force 
is a function of the contact force as well as the coefficient of friction. Research has shown that for 
the CFRP, interlaminar friction coefficient (μ) is within the range of 0.6~0.8 [28, 29]. A sensitivity 
analysis is conducted by selecting different values of friction coefficient (0.5, 0.6, 0.7, 0.8, and 0.9) 
in the contact model. Predicted delamination areas at the upper and lower interfaces are illustrated in 
Fig. 8. The following observations can be made. 
First, μ = 0.5 gives considerably different delamination area on both the upper and lower interfaces 
comparing with all other friction coefficients (0.6, 0.7, 0.8, and 0.9). Much larger delamination area 
is predicted at the upper interface, indicating that calculated friction force is too small to inhibit the 
initiation and propagation of interlaminar delamination. It should be noted that the impactor was 
applied with 1.8mm deflection in the Z-direction under the displacement-controlled model. 
Delamination of the upper interface results in stiffness degradation of the laminate, which could 
explain the smaller delamination area predicted at the lower interface. 
Second, μ = 0.6, 0.7, 0.8, and 0.9 gives the similar delamination size and shape on both the upper 
and lower interfaces. Delamination at the upper interface is initiated at the region adjacent to the 
impact point where the shear stress is relative high. However, it was inhibited to grow further by the 
friction force caused by the high compressive through-thickness stress. At the lower surface, 
interlaminar delamination could initiate and propagate since the compressive through-thickness 
stress is much lower (Fig. 6b). Once the delamination has propagated far away from the impact point, 
the effect of friction force on the delamination can be ignored as the compressive through-thickness 
stress is negligibly low (Fig. 6b).  
μ 0.5 0.6 0.7 0.8 0.9 
Upper 
Interface 
[90/0] 
     
Lower 
Interface 
[0/90] 
     
Delamination  
Size 
W=5.4  L=5.3  W=9.5  L=9.6 W=9.3  L=9.5 W=9.3  L=9.5 W=9.2  L=9.4 
Fig. 8 Influence of interlaminar friction coefficient (μ) on predicted delamination area (E=1.5 J) 
To summarise, delamination area is very sensitive to the value of the interlaminar friction coefficient 
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if it is under 0.6. However, once it is greater than 0.6, delamination at the upper interface is inhibited 
by the friction force and similar delamination area is predicted for various values within the range of 
0.6-0.9. This means that the interlaminar friction coefficient could be selected from 0.6 to 0.9 in 
similar analysis. This is value broadly comparable with the measured value of μ = 0.8 [28] and μ = 
0.6 [29] for CFRP materials. 
5. Conclusions 
A computationally efficient model has been developed for predicting the low-velocity impact 
damage in laminated composites. The two novel features are: (a) using the surface-based cohesive 
contact model available in the ABAQUS package to avoid using numerous interface cohesive 
elements, (b) using quasi-static loading in the FE model to simulate the low-velocity impact load. 
Based on the simulation of a cross-ply laminate, following conclusions can be drawn.   
Quasi-static load model in conjunction with surface-based cohesive contact is easy to use and 
efficient to simulate the shear-driven delamination and ply interactions due to the compressive 
through-thickness stress.  
For a cross-ply laminate [903/03]S, resistance to the upper interface delamination propagation comes 
mainly from the friction force arising from the high compressive through-thickness stress, whereas, 
for the lower interface, it is the cohesive behaviour that controls the delamination initiation and 
propagation. 
Predicted delamination area is not sensitive when the interlaminar friction coefficient is greater than 
0.6. For carbon fibre epoxy composites, the friction coefficient of the interlaminar contact is 
recommended to be within the range of 0.6 and 0.9.  
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